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Introduction
Breast cancer has the second highest mortality rate of cancers in females [1] . Surgical excision of malignant tissue forms a central component of breast cancer treatment [2] . The two most common surgical procedures are mastectomy and breast-conserving surgery (BCS).
In the USA, for example, BCS accounts for ~58% of surgeries in patients diagnosed with early stage breast cancer [2] . In BCS, the surgeon's aim is to remove the entire tumor along with a rim of surrounding healthy tissue, referred to as the surgical margin, whilst ensuring a good cosmetic outcome for the patient. The current gold standard in assessing tumor margins is histopathological analysis, often performed days after surgery. If tumor is located at the cut edge of the removed tissue, it is classified as a positive margin. If tumor is found within a predetermined distance from the cut edge, it is classified as a close margin. This specified distance varies between institutions and is often between 0 and 5 mm [3, 4] . If no tumor is found on the cut edge or within the margin, it is classified as a negative margin. Currently, ~20 -30% of patients undergo a re-excision procedure to remove additional tissue due to detection of an involved (positive or close) margin [5] [6] [7] .
A major challenge for surgeons during BCS is the lack of effective tools to assess the surgical margin intraoperatively. Such tools would enable the surgeon to more effectively remove all tumor during the initial surgery, hence reducing re-excision rates. A range of intraoperative techniques are currently used, including: frozen section analysis [8] , imprint cytology [9] , intraoperative specimen radiography [10] and intraoperative ultrasound [11] . However, these techniques are time consuming and reported positive margin rates using these techniques are greater than 20% [12] . To address this issue, a number of new optical methods have been proposed for tumor margin assessment, including Raman spectroscopy [13, 14] and optical coherence tomography (OCT) [15, 16] . In particular, OCT holds great promise for margin assessment due to its high resolution (2-10 μm), rapid imaging speed and imaging depth of 1-2 mm [15, 17] . A challenge for OCT is that, whilst it readily differentiates adipose from dense tissue, it often lacks the contrast to differentiate tumor from uninvolved stroma [16] .
Our group has been developing optical coherence elastography (OCE) to improve contrast in OCT by probing the mechanical properties of tissue. OCE utilizes OCT to measure tissue deformation induced by a mechanical load, and maps this information into an image (elastogram) of a mechanical property or parameter of the tissue [18] . Various OCE techniques have been developed with different loading and detection methods for various applications [19] , including in ophthalmology [20] , cardiology [21] and dermatology [22] . In our technique, termed optical coherence micro-elastography (OCME), a variant of compression, phase-sensitive OCE, a quasi-static deformation is introduced to the tissue between the acquisition of OCT B-scans [23] . We have recently published a feasibility study on 58 specimens demonstrating that compression OCME can provide enhanced contrast between malignant tumor and uninvolved stroma in freshly excised human breast tissue [23, 24] . These results are limited to fields-of-view of ~20 × 20 mm by the internal diameter of the piezoelectric ring actuator. As lumpectomies have typical dimensions of ~50 × 50 × 30 mm [25] , the limited field-of-view has restricted the proportion of the tissue that can be scanned without relocating the sample or the actuator. Whilst it would be possible to move the sample relative to the imaging window, this would be time consuming, requiring successive preloading and unloading of the sample, and the movement would make it challenging to co-register images. To address this, we have implemented a wide-field piezoelectric ring actuator allowing ~50 × 50 mm OCT images and elastograms to be generated.
In this paper, we describe this new wide-field imaging system, and demonstrate its operation by presenting wide-field OCT images and elastograms of a tissue mimicking silicone phantom and various representative freshly excised human breast specimens. In addition, we present an example in which compression OCME detected an involved margin in a freshly excised lumpectomy specimen from BCS. Our results demonstrate the feasibility of scanning large areas of lumpectomies, which is an important step towards practical intraoperative margin assessment.
Methods

Imaging system
Our OCME system, based on a Fourier-domain OCT system, has been described in detail previously [23, 26] . Briefly, the OCT system comprises a superluminescent diode light source with a central wavelength of 835 nm and a bandwidth of 50 nm, and the axial (z) and lateral (x-y) resolutions have been measured to be 8 µm (in air) and 11 µm, respectively. The OCT system is configured in common-path mode [27] , where the interface between the imaging window and the sample is used as the reference reflector.
The sensitivity of the system has been measured to be 102 dB for an exposure time of 36 μs [23] . The exposure time used in this study was 2 µs (to avoid saturation of the detector). A compressive load is applied to the sample using the wide-aperture piezoelectric ring actuator, which is rigidly affixed to the imaging window. The ring actuator imparts an axial displacement of up to 10 µm to the surface of the sample. A pair of OCT B-scans, one unloaded, and one loaded, is acquired at each lateral position, and the phase difference between each pair is used to calculate the axial displacement within the sample. 3D strain elastograms are then generated by calculating the local axial strain at each pixel, defined as the slope of axial displacement with respect to depth, here over an axial fitting range of 100 µm, setting the OCME system axial resolution [28] . The lateral resolution of the OCME system matches that of the OCT system, 11 µm. The displacement sensitivity of the system has been measured to be 2.2 nm for an OCT signal-to-noise ratio of 27 dB [29] .
In order to ensure contact between the sample and the imaging window, a bulk preload is applied corresponding to a strain (change in thickness / initial thickness) of typically ~10 -20%. To perform OCME, a much smaller strain is imparted using the ring actuator, typically corresponding to less than 0.1% [28] . The ring actuator is driven by a square-wave synchronized to the OCT acquisition such that subsequent OCT B-scans are acquired at different loading positions. B-scans are acquired at a rate of 50 Hz, and the ring actuator driving frequency is 25 Hz. The lateral scanning range of the OCME system is set by the x and y galvanometer mirror scanning system. Single OCT images and elastograms acquired using our system have dimensions 10 × 10 × 2 mm.
For tissue testing in this study, each 10 mm B-scan comprises 1,000 A-scans. OCT Cscans comprise 1,000 B-scans. To enable spatial and temporal averaging of the detected phase signal, OCME C-scans comprise 10,000 B-scans, acquired in pairs, every 2 µm. Each B-scan pair corresponds to one loaded and one unloaded B-scan. Five B-scan pairs are averaged to generate the presented elastograms. This scan density results in acquisition times for OCT images and elastograms of 20 s and 200 s, respectively.
Wide-field system
Since the lateral scanning range is limited to a field-of-view of 10 × 10 mm by the galvanometer mirror system, in previous studies [23, 24] , we manually moved the imaging window and sample relative to the scan head to allow for the acquisition of elastograms of ~20 × 20 mm. Further increases in the field-of-view are restricted by the 25 mm aperture of the ring actuator used in those studies. To move OCME towards being a practical tool for an intraoperative setting, we have implemented a new system based on a much wider-aperture ring actuator.
The ring actuator (Piezomechanik GmbH) has an internal diameter of 65 mm, allowing for a scanning range of ~50 × 50 mm, a stroke of 10 µm, thickness of 22 mm and resonant frequency of 40 kHz. The imaging window, rigidly affixed to the actuator, has a thickness of 4 mm and a diameter of 75 mm. To acquire wide-field images, automated x-y translation stages are used to reposition the sample and actuator relative to the optical beam, as indicated in Fig. 1 . Each stage has a travel distance of 100 mm, maximum velocity of 30 mm s −1 , maximum acceleration of 30 mm s −2 and an accuracy of 2 µm. In-house software controls the stages during OCT/OCME acquisition. After each image is acquired, the stages move the sample in steps of 9.5 mm, allowing images to overlap by 0.5 mm. A grid of up to 5 × 5 images is acquired per sample to generate a wide-field image, with further detail given in Section 2.3. Due to the use of a common path configuration [27], it has previously been necessary to tilt the imaging window with respect to the beam axis in order to prevent saturation of the detector from strong back reflections. This tilt angle caused slight asymmetry in the coherence gate curvature but has negligible impact over a lateral scan range of 10 mm. Over a range of 50 mm, this tilt causes the focal plane to be sufficiently misaligned with the coherence plane to cause noticeable blurring in the wide-field en face image. To address this issue, adjustments were made to the tilt of the imaging window in the x and y axis to ensure it is flat relative to the optical table. In doing so, we ensure that the focal plane and coherence plane are aligned over the full range of the actuator. In order to prevent reflections from saturating the detector in this set up, we tilt the scan head ~2.5° relative to the imaging window. Due to the minor residual coherence gate curvature of the scanning system, small dark patches are present in the corners of each sub-image, as is particularly noticeable in the wide-field OCT image of the tissue mimicking phantom, Fig. 2(b) . This artifact could be reduced by normalizing by the known effect of the curvature on the intensity; however, for this manuscript unaltered data are presented to allow the reader to fully interpret the experimental data acquired with this technique.
We firstly demonstrated wide-field OCME on a silicone tissue-mimicking phantom. Figure 2 (a) shows a photograph of the phantom, which was fabricated using procedures similar to those described previously [30] . The phantom comprises stiff inclusions embedded in a soft matrix, with Young's moduli of 122 kPa and 6.4 kPa, respectively. The inclusions and matrix contain concentrations of 2.5 mg ml −1 and 0.8 mg ml −1 of optical scatterers (titanium dioxide), respectively. In total, 8 inclusions were incorporated into the phantom, embedded 300 µm below the surface of the matrix. The inclusions ranged in diameter from 0.5 mm to 21.4 mm and had a thickness of 1 mm. 25 elastograms were acquired to generate a wide-field elastogram of 47.5 × 47.5 mm. The white square in Fig. 2(a) corresponds to the imaged area. The wide-field en face OCT image, Fig. 2(b) , taken at a depth of 400 µm, shows the inclusions embedded in the matrix. The wide-field en face elastogram, Fig. 2(c) , exhibits increased contrast of the stiff inclusions to the soft matrix, particularly in the case of the smaller inclusions. 
Wide-field imaging protocol and processing
As described in Section 2.1, OCT images and elastograms acquired using our system have dimensions 10 × 10 × 2 mm. Wide-field en face OCT images and elastograms, of up to ~50 × 50 mm, are generated by acquiring a grid of these images and creating a wide-field mosaic. Existing tissue handling protocols at Fiona Stanley Hospital, Perth, Western Australia limit total scanning time for lumpectomies to ~30 min. Our acquisition protocol is designed to comply with this limit. Since single 10 × 10 × 2 mm elastograms take 200 s to acquire at a Bscan frequency of 50 Hz, it is not feasible to acquire 25 elastograms within the available time. In order to scan an entire face of the specimen, we have implemented the following procedure. Firstly, we acquire rapid 3D-OCT images; each acquired in ~20 s. En face OCT images are viewed live on in-house OCT acquisition software. OCME is then performed only in selected areas containing dense tissue. For a typical sample, we acquire 25 OCT images and 4 elastograms, resulting in a total acquisition time of ~30 min, including the time required to reposition the x-y stages.
OCT images and elastograms in this study are presented, as previously [24] , in greyscale and linear false-colored colormaps, respectively. OCT shows excellent contrast between adipose, characterized by a distinct honeycomb structure [31] , and dense tissue, characterized by high signal intensity, as shown in Fig. 3(a) . As the main goal of OCME is to improve contrast in dense tissues, it is not necessary to perform OCME on adipose. In addition, as the OCT signal-to-noise ratio is low in adipose tissue, the accuracy of the detected phase is low, making it in any case challenging to perform OCME in these regions. In the results presented here, we present wide-field elastograms as OCT/OCME overlays, simply referred to as overlays, with strain presented only in areas of dense tissue. Figure 3 shows the steps involved in generating and applying the masks. In this example, the image comprises a grid of 25 OCT images and 4 individual elastograms. In order to generate overlays, firstly the wide-field OCT image, Fig. 3(a) , is cropped to remove all areas in which OCME has not been performed, Fig. 3(b) . Thresholding is applied to the image in order to create a binary mask, Fig. 3(c) . Upon visual inspection, additional filtering or manual erasing may be performed to remove residual areas of adipose not removed by the thresholding technique. The wide-field elastogram, Fig. 3(d) , is then multiplied by the mask in order to remove strain information from regions of adipose, Fig. 3(e) . In the final step, the masked elastogram is overlaid on the original wide-field OCT image to create the wide-field overlay shown in Fig. 3(f) . All en face images of tissue presented in this study are taken at a depth of 100 µm from the imaging window. In the elastograms presented, the scale is millistrain ( × 10 −3 strain), mε, with negative corresponding to compression and positive strain corresponding to either tension or compression acting in the opposite direction to the applied force. 
Tissue preparation
Informed consent was obtained from patients and the study approved by Fiona Stanley Hospital. Thirteen specimens were imaged, freshly excised from eight patients undergoing BCS, mastectomy or mastectomy with axillary clearance. After excision, lumpectomy specimens were imaged as received within ~30 min. Mastectomy samples were dissected to similar dimensions of a typical lumpectomy. Samples were placed on the z-axis translation stage (see Fig. 1 ), a bulk preload was applied, and we allowed a one minute delay to reduce to a negligible level the impact of viscoelastic creep on our images [28] .
After imaging, samples were fixed in 10% neutral-buffered formalin, embedded in paraffin, sectioned, and stained with hematoxylin and eosin following the standard histopathology protocols used at Fiona Stanley Hospital. Histology images from the mastectomy specimen presented in Fig. 5 are in the same plane as the en face images. Histology images from the BCS specimens are in the plane orthogonal to the en face images, as seen in Fig. 6. 
Results
Figures 4-7 contain wide-field OCT images and elastograms of four human breast tissue samples, freshly excised from three patients undergoing either a mastectomy procedure or BCS. In Fig. 4 , we present images of a benign tumor excised from a 65-year-old patient undergoing a hookwire local excision. This wide-field en face overlay image, Fig. 4(a) , measuring 38 × 38 mm, comprises 16 OCT images and 4 elastograms. In Fig. 4(a) , large areas of dense tissue surrounded by adipose can be observed. A benign intraductal papilloma (P) is visible, as well as small regions of adipose (A) and uninvolved stroma (S), in the widefield en face overlay. A photograph of the tissue is shown in Fig. 4 
(b). Figures 4(c) and 4(d)
show a 1.6 × magnification of the OCT and overlay images, respectively. In both the OCT and overlay images, the papilloma appears to have a highly fibrous structure. The orientation of the fibers and the strain pattern appear to be more organized than we would expect from examples of malignant tumors from previous studies [24] . This suggests that, using OCT and OCME, we may be able to distinguish papillomas from malignant tissue.
In Fig. 5 , we present images acquired from a dissected tumor, excised from a 34-year old patient undergoing a mastectomy procedure. The sample, measuring ~35 × 25 mm, contains high-grade tumor surrounded by adipose. The wide-field en face overlay image, Fig. 5(a) , comprises 25 OCT images and 3 elastograms. OCT clearly delineates adipose (A), with areas of dense tissue (D) characterized by high signal-to-noise ratio. The histology image, Fig.  5(b) , shows dense regions of tumor (T) interspersed with uninvolved stroma (S) and adipose tissue (A). Due to the size of the specimen, the tumor was dissected and loaded into four cassettes for histopathological analysis. For presentation in this paper, histology images from the cassettes have been manually stitched together. The horizontal white line visible in Fig.  5(b) is a result of this stitching process (C). We can see on the 1.6 × magnified OCT image, Fig. 5(c) , there is limited contrast within the dense tissue. In the overlay of the same region, Fig. 5(d) , we see a heterogeneous strain pattern indicative of tumor (T) and small areas with a homogeneous strain pattern, indicative of uninvolved stroma (S). Mechanical heterogeneity visible in malignant tumor is a result of differences in the mechanical properties and structure expected between the nests of tumor cells and the surrounding immature desmoplastic stroma, as described in detail in previous work [24] . The artifact in the center of In Fig. 6 , we present images acquired from a lumpectomy, excised from a 46-year-old patient undergoing BCS. The wide-field en face overlay, Fig. 6(a) , comprises 25 OCT images and 4 elastograms. Regions of dense tissue interspersed with adipose can be observed in Fig. 6 (a). Areas indicated by green and red squares are magnified by 1.6 × in Figs. 6(c), 6(d) and 6(f) and 6(g), respectively. Comparing the corresponding OCT images, Figs. 6(c) and 6(f), it is difficult to identify differences in structure between the two regions of dense tissue. However, in the overlay image, these two regions are easily distinguished by differing textures in the elastograms. The overlay, Fig. 6(d) , shows uniform strain texture and is indicative of uninvolved stroma. In comparison, Fig. 6(g) shows a heterogeneous strain texture indicative of malignant tumor. These patterns in uninvolved and malignant tissue are consistent with our previous studies in breast tissue [24] and are confirmed by histology images acquired from the same region. The green and red dashed lines in Fig. 6(a) indicate the regions from which histology images are presented in Figs. 6(b) and 6(d) , respectively. Following protocols used at Fiona Stanley Hospital for margin assessment, the histology images shown here, in contrast to that shown in Fig. 4 , are taken orthogonal to the en face images, and the blue arrows indicate the direction of the imaging beam. Figure 6 (b) does not contain malignant tissue; however, in Fig. 6(e) , we see that this section of the lumpectomy has an involved margin. From visual inspection and manual palpation performed during the surgery, the surgeon suspected malignant tumor close to the surface of the excised lump and proceeded to excise additional tissue (cavity shaving). The cavity shaving, measuring ~17 × 23 mm, was taken from the wall of the cavity of the remaining breast tissue. Figure 7 shows images acquired from the cavity shaving associated with the lumpectomy specimen shown in Fig. 6 . The surface imaged corresponds to the new surgical margin. The wide-field en face overlay, Fig. 7(a) , consists of 4 OCT images and 4 elastograms. The shaving comprises mostly adipose with small areas of dense tissue. Figures 7(a) and 7(d) show homogeneous strain texture, indicative of uninvolved stroma. Vertical striations present in elastograms presented in Fig. 7 are a ringing artifact seen in thin samples. Ringing occurs due to the ring actuator being driven by a step function and overshooting its set position, with this damped oscillation decaying over several A-scans in each B-scan. Histopathological analysis confirmed that this cavity shaving had a negative margin. 
Discussion
In this study, we have presented the first demonstration of wide-field compression OCME capable of assessing large areas of an excised lumpectomy specimen in an intraoperative timeframe and successfully detecting an involved margin. In the current configuration, this system is limited to scanning excised tissue. However, by permitting assessment of tumor margins in an intraoperative time frame, this study is an important step towards our objective of reducing the re-excision rate of patients undergoing breast-conserving surgery.
The total scanning time for freshly excised human tissue for this study is 30 min, ensuring that our imaging complied with existing tissue handling protocols at Fiona Stanley Hospital. We are currently developing methods to further reduce the time required to acquire and visualize data. One way in which the acquisition time could be reduced is by increasing the A-scan acquisition rate. In this current study, A-scans were acquired at a frequency of 50 kHz. Recent related OCE work has demonstrated a phase-sensitive technique with an A-scan frequency of 1.5 MHz, utilizing a Fourier-domain mode-locked (FDML) swept-source laser [32] . Implementing a similar FDML laser in compression OCME could increase acquisition speeds by a factor of 30. This could lead to 3D-OCT images being acquired in less than 1 s and 3D elastograms being acquired in ~7 s without a reduction in spatial or temporal averaging.
Increasing the A-scan frequency with an FDML laser, if implemented in the future, would require an increase of actuation frequency. An increased actuator frequency is likely to cause a ringing artifact, similar to that seen in Fig. 7(d) , to occur more often [33] . Our group has previously published an acquisition method for compression OCME that could be implemented to overcome this ringing artifact by calculating the voxel-to-voxel phase difference between C-scans, compared to the technique used in this study in which we calculate the phase difference between B-scans. This method would allow us to increase the A-scan frequency through an FDML laser while avoiding the ringing artifact associated with a high actuator frequency.
An alternative method to reduce the acquisition time of 3D-OCME is to reduce the spatial averaging. Recent publications describe a method enabling this in which a larger strain results between subsequent B-scans [34] . The greater phase differences are less masked by measurement noise. Implementing a variation of this technique has the potential to reduce our acquisition time by a factor of 5, which may remove the need to incorporate expensive FDML lasers in our setup.
As well as reducing acquisition time, data processing time can also be reduced. Widefield results, comprising 25 OCT and 4 OCME individual data sets, presented in this study took approximately 6 hours to process. In recent work, our group has demonstrated near video-rate OCME processing [35] . Utilizing a commercial-grade graphics processing unit and a desktop computer, the system achieved a processing rate of 21 B-scan elastograms per second. The masking and overlaying process described in Section 2.3 could also be automated using thresholding of the OCT image. Additional filtering would need to be incorporated to remove residual areas of adipose not removed by the thresholding technique, as described above. Incorporating this technique into our current system could enable elastograms to be presented and interpreted intraoperatively. A further step for this thresholding process is to use the binary mask generated to automatically select regions from which to capture OCME data.
Histology images in this study are presented in two different planes. In the case of the mastectomy specimen, as tissue was not required by the hospital for subsequent analysis, histology images were obtained in the same plane as wide-field en face images. In the case of the lumpectomy specimen, tissue was required for subsequent analysis, thus, in following the standard histopathology protocols used at Fiona Stanley Hospital, histology images could not be obtained in the same plane as our wide-field en face images.
In order for the ring actuator to impart a displacement to the sample, the sample must be in contact with the imaging window. This is currently achieved by applying a preload to the sample. This preload is typically in the region of ~10% of the thickest part of the sample. In some cases, it may be up to ~20%, depending on the geometry of the tissue. Due to the nonlinear properties of biological tissue, some features are more clearly delineated with micro-elastography when performed at higher preloads [36, 37] . However, in some cases, a preload of ~20% does not result in complete contact between the tissue and the imaging window. This can lead to artifact in regions of non-contact, as shown in Fig. 5(a) . Another issue with non-contact is that it can lead to the generation of axial tensile strain associated with surface topography rather than with tissue properties. In future studies, we will investigate incorporating optical palpation to reduce artifacts generated by non-contact [38, 39] . In optical palpation, a thin, compliant and transparent layer is placed between the sample and the imaging window. The stiffness of the layer is designed to be similar to the stiffness of breast tissue. As preload is applied to the sample, the compliant layer deforms to partially fill areas of non-contact. Implementing a compliant layer in our wide-field system would allow more uniform contact without the need to preload the sample excessively. This technique would also allow us to quantify the tissue stiffness [38].
Conclusion
In conclusion, we have demonstrated that wide-field compression OCME can generate OCT images and elastograms of freshly excised human breast tissue over a field-of-view of up to ~50 × 50 mm. By rapidly acquiring OCT images and performing OCME in selected regions of dense tissue within 30 min, we have demonstrated the potential of wide-field OCME as a tool to intraoperatively assess surgical margins of excised breast tissue. We have presented an example which demonstrates that wide-field compression OCME can delineate malignant tissue and uninvolved stroma in a freshly excised lumpectomy sample. In this study, we have advanced OCME to the point of scanning lumpectomy specimens. In future work, we will incorporate further reductions in acquisition and processing time and determine the diagnostic accuracy of compression OCME in identifying malignant tissue during breastconserving surgery.
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